In this study, a novel artificial small bone consisting of ZrO 2 -biphasic calcium phosphate/polymethylmethacrylate-polycaprolactone-hydroxyapatite (ZrO 2 -BCP/PMMA-PCL-HAp) was fabricated using a combination of sponge replica and electrospinning methods. To mimic the cancellous bone, the ZrO 2 /BCP scaffold was composed of three layers, ZrO 2 , ZrO 2 /BCP and BCP, fabricated by the sponge replica method. The PMMA-PCL fibers loaded with HAp powder were wrapped around the ZrO 2 /BCP scaffold using the electrospinning process. To imitate the Haversian canal region of the bone, HAp-loaded PMMA-PCL fibers were wrapped around a steel wire of 0.3 mm diameter. As a result, the bundles of fiber wrapped around the wires imitated the osteon structure of the cortical bone. Finally, the ZrO 2 /BCP scaffold was surrounded by HAp-loaded PMMA-PCL composite bundles. After removal of the steel wires, the ZrO 2 /BCP scaffold and bundles of HAp-loaded PMMA-PCL formed an interconnected structure resembling the human bone. Its diameter, compressive strength and porosity were approximately 12 mm, 5 MPa and 70%, respectively, and the viability of MG-63 osteoblast-like cells was determined to be over 90% by the MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) assay. This artificial bone shows excellent cytocompatibility and is a promising bone regeneration material.
Introduction
The rapid ageing of the population makes bone loss and fracture a major worldwide problem and stimulates bone regeneration research. On the basis of microstructure, human bones are classified into cancellous and cortical bones. The cancellous bones contain numerous interconnected pores and therefore have low strength and are often referred to as sponge bones [1] . In contrast, the cortical bones are strong owing to their low porosity and laminated fibrous osteon structure [2] . They consist of many fibrous osteons and Haversian canals with diameters of 100-500 µm and ∼50 µm, respectively [1, 3, 4] . In addition, the Volkmann's canal is connected to the Haversian canals through blood vessels and nerves. Through the Volkmann's canal, nutrients from the blood can be transferred to the Haversian canals. Nutrients also move to the cancellous and cortical bones through the periosteum. Bone formation and remodeling occur continuously, through interactions between human osteoblast/osteoclast cells and nutrient deposition [5] .
Calcium phosphate based ceramics such as hydroxyapatite (HAp, Ca 10 (PO 4 ) 6 (OH) 2 ), tricalcium phosphate (TCP, Ca 3 (PO 4 ) 2 ) and biphasic calcium phosphate (BCP, a mixture of HAp and TCP) are common bone-replacement materials owing to their excellent biocompatibility and osteoconductivity. They are often reinforced by zirconia (ZrO 2 ), which has good mechanical properties and biocompatibility [6] .
Polymer-based biomaterials have also been widely used owing to their biodegradable and biocompatible properties. One such example is polymethylmethacrylate (PMMA), which was combined with other polymers to enhance the mechanical strength and biocompatibility of biomaterials [7, 8] . Another widely used biocompatible polymer is polycaprolactone (PCL) [9, 10] . Low mechanical strength is the main drawback of using biopolymers for hard tissue applications such as bone regeneration.
Many methods have been developed to fabricate bone substitute. The sponge replica method has been widely used for bone scaffolds because it can produce a highly porous interconnected structure that mimics the cancellous bone [11, 12] . Electrospinning is an alternative technique that can be used to produce fibrous scaffolds with a structure similar to that of the extracellular matrix [13, 14] . These scaffolds have a porous structure and the diameter of the constituting fibers can be controlled from the nano-to micrometer scale.
The purpose of this work was to investigate the microstructure of a novel artificial small bone that was fabricated using a combination of the sponge replica and electrospinning methods to imitate the human bone.
Materials and methods

Materials
The ZrO 2 /BCP scaffold was fabricated using tetragonal ZrO 2 (3 mol% Y 2 O 3 , TZ-3Y, Tosoh, Japan), polyvinylbutyral (PVB, Acros, USA) and polyurethane sponge (60ppi, HD sponge, Korea). HAp and BCP powders were synthesized by the microwave method described in [15] .
The starting materials for electrospinning were PMMA (LG chemical, Korea) and PCL (Sigma, USA) dissolved in nitromethane (Duksan Pure Chemicals, Korea) and acetone (SK Chemicals, Korea), respectively. 2 /BCP scaffold using the sponge replica method. To mimic cancellous bones, the polyurethane sponges were immersed in a ZrO 2 slurry that contained 5 wt% PVB and 10 vol% ZrO 2 powder. After green ZrO 2 scaffolds have formed, they were sintered in a microwave furnace (UMF-01, 2.45 GHz, Unicera, Korea) at 1500
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• C for 10 min at a heating rate of 100 • C min −1 . The ZrO 2 scaffolds were immersed in the BCP/ZrO 2 slurry to fabricate ZrO 2 /BCP-ZrO 2 scaffolds. Finally, the ZrO 2 /BCP-ZrO 2 scaffolds were again immersed in the BCP slurry and sintered under the same conditions used for the ZrO 2 scaffolds to obtain a three-layer ZrO 2 /BCP-ZrO 2 /BCP structure [16] .
Electrospinning
PMMA-PCL-HAp fiber. The Haversian and osteon structure of cortical bone was imitated using the electrospinning technique as follows.
PMMA (20% w/v) and PCL (12% w/v) were dissolved in their respective solvents by ultrasonication. After mixing the PMMA and PCL solutions, HAp powder (30 wt%) was added to it. The fibers composed of HAp and PMMA : PCL at 1 : 1 ratio were wrapped around a steel wire with a diameter of 0.3 mm. The ZrO 2 /BCP scaffold was also wrapped with the electrospun PMMA-PCL-HAp fibers, which contained a 3 : 7 ratio of PMMA : PCL. Electrospinning was carried out at a voltage of 25 kV and a solution flow rate of 1 ml min −1 .
Combination of mimicked cancellous bone and cortical bone.
The ZrO 2 /BCP scaffold was first wrapped with the PMMA-PCL-HAp composite fibers using the electrospinning method. The wires that were used to mimic the osteon structure were individually wrapped with PMMA-PCL-HAp, bundled, and again wrapped with electrospun PMMA-PCL-HAp fibers. The osteon-like structure was gathered to surround the coated ZrO 2 /BCP scaffold and was electrospun with the PMMA-PCL-HAp fibers to create the final scaffold.
Characterization of the artificial bone.
The microstructure and composition were studied by scanning electron microscopy (SEM, JEOL, JSM-6701F, Japan) and energy dispersive spectroscopy (EDS). The composites were also analyzed by Fourier-transform infrared spectroscopy (FTIR, Spectrum GX, PerkinElmer, USA). The mechanical property and porosity were measured using a universal testing machine (Unitech, R&B, Korea) and a mercury porosimeter (PoreMaster, Quantachrome Instrument, FL, USA).
Cytotoxicity test.
Osteoblast-like MG-63 cells were obtained from the Korea Cell Line Bank and used to investigate the cytocompatibility of the artificial bone. The cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM: Hyclone, USA) with 10% fetal bovine serum and 1% penicillin/streptomycin antibiotics. The extraction media were obtained by immersing the specimens in DMEM at 37
• C for 24 h. MG-63 cells were seeded in a 96-well culture plate at a density of 1000 cells per well and then incubated at 37
• C for 24 h. Then, the cell culture media were replaced with various concentrations of extraction media (12.5, 25, 50 and 100%) and incubated for an additional 72 h. Furthermore, MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) was added to the media. After 4 h incubation, dimethyl sulfoxide was added after the removal of the media and the absorbance was measured with a microplate reader (Infinite F50, Tecan, Switzerland). Figure 1 shows a photograph and SEM images of the ZrO 2 /BCP scaffold, which was produced by the sponge replica method to mimic the cancellous bone structure. As shown in figures 1(a) and (b), the ZrO 2 /BCP scaffold had a cylindrical shape with a diameter of ∼4 mm and an interconnected porous structure similar to that of the cancellous bone. Figures 1(c) and (d) show surface and cross-sectional SEM images of the ZrO 2 /BCP scaffold, respectively. Numerous pores can be seen on the surface. The cross-sectional image reveals three layers that were identified by EDS as ZrO 2 , ZrO 2 /BCP and BCP (see figure 1(e1, e2, e3) ). Figure 2 shows an SEM image of the ZrO 2 /BCP scaffold wrapped with HAp-loaded PMMA-PCL fibers, which have a diameter of about 2 µm. Figure 3 shows XRD profiles of the ZrO 2 /BCP scaffold (a) and HAp-loaded PMMA-PCL (b), together with the raw materials. HAp, α-TCP and tetragonal ZrO 2 phases were detected in the XRD profile of the ZrO 2 /BCP scaffold. However, β-TCP peaks that appeared in the raw BCP powder were not detected in the composite owing to the phase transformation that occurred at a high sintering temperature. On the other hand, the pattern of the HAp-loaded PMMA-PCL was consistent with a combination of the individual PMMA, PCL and HAp contributions, as shown in figure 3(b) .
Results
The incorporation of the HAp powder to the fibers was verified in the FTIR spectrum (figure 4). The spectra of 
PMMA-PCL fibers contained both the PMMA and PCL peaks (figures 4(b)-(d))
. Furthermore, the PMMA-PCL-HAp fibers contained an HAp peak at 563 cm −1 ( figure 4(a) ) [17] . By the electrospinning method, steel wires of 0.3 mm diameter were wrapped with PMMA-PCL-HAp fibers as indicated in figure 5(e: step 2). Eight PMMA-PCL-HAp-wrapped steel wires were then tightly wrapped with the PMMA-PCL-HAp fibers, where the PMMA : PCL ratio was 3 : 7. Finally, a bundle of wires of about 2.5 mm diameter was obtained, which mimicked the osteon structure (figures 5(b) and (e: step 3)). This bundle was attached to the ceramic scaffold that was wrapped with PMMA-PCL-HAp fibers ( figure 5(a) ). The eight-wire bundles were surrounded with the ZrO 2 /BCP scaffold, which mimicked the sponge bone and osteon structures as shown in figure 5(b) . To stabilize this structure, the PMMA-PCL-HAp fibers were wrapped again using the electrospinning process (figures 5(c, e: step 4)). The steel wires were then removed to create hollow structures similar to the Haversian canal. The diameter of the final scaffold was approximately 12 mm (figures 5(d, e: step 5)). Figure 6 shows the compressive strength and porosity of the ZrO 2 /BCP scaffold and ZrO 2 -BCP/PMMA-PCL-HAp artificial bone. Both the compressive strength and porosity of the scaffold increased after wrapping with the PMMA-PCL-HAp fiber; the increased porosity could be related to the surrounding fiber bundles.
Cell viability on the ZrO 2 /BCP scaffold and ZrO 2 -BCP/PMMA-PCL-HAp artificial bones was measured using the MTT assay. MG-63 osteoblast-like cells demonstrated superior viability when cultured in extraction media obtained from the two specimens. Even though the ZrO 2 -BCP/PMMA-PCL-HAp composite contained various materials, it showed a similar MG-63 cell viability (90%) as the control sample.
Discussion
Biomimetic approaches to making artificial implants have attracted much attention recently. They usually use porous materials to aid the healing, but often ignore the complex architecture of the natural bone. The healing process depends heavily on the natural regeneration process, which is mediated by osteoblast and osteoclast cells and on their interactions with the implant material. A suitable preform that mimics the architecture and regeneration ability of the natural bone may be a more progressive approach to bone healing.
The sponge replica method produces an interconnected porous morphology that mimics the cancellous bone architecture. However, the mechanical strength of the resulting scaffold is too low for hard bone applications. Thus, in this work, we used the ZrO 2 /BCP scaffold having a three-layer ZrO 2 /BCP-ZrO 2 /BCP structure to avoid the thermal expansion mismatch.
Electrospinning is mostly used for the fabrication of polymer-based scaffolds. Electrospun mats have an interconnected porous structure and various shapes. Even though the human bone consists of both the cancellous and cortical bones, most studies have only focused on the cancellous bone. The cortical bone has a complicated structure and contains nano-and microscaled structures including the Haversian canal, Volkman's canal and osteon structure.
In this work, the sponge replica and electrospinning methods were used to develop a bone scaffold that mimics the cancellous and cortical bone. This technique can be used to fabricate an interconnected porous structure, which can ensure a suitable local environment for artificial bone applications [11, 14] . The interconnected porous structure of the ZrO 2 /BCP scaffold was fabricated using the sponge replica method.
The ZrO 2 /BCP scaffold was surrounded with the PMMA-PCL-HAp composite fibers using the electrospinning Owing to the excellent osteoconductivity of HAp, it can accelerate the bone-forming ability of bone scaffolds [18] . This fibrous wrapping was necessary to integrate the osteon-like structure, which was fabricated separately. To create the Haversian canal-like structure, PMMA-PCL-HAp fibers were wrapped around a steel wire. The osteon structure was fabricated by bundling eight individually wrapped steel wires and winding an additional layer of PMMA-PCL-HAp fibers around the bundle (figure 5).
After wrapping, the steel wires were removed from the osteon-like structure. PMMA and PCL were mixed together because of the opposing material properties of PMMA and PCL fibers: while the PCL fibers were wrapped very tightly around the steel wire, the PMMA fibers were wrapped very loosely. The steel wires were wrapped with the PMMA-PCL-HAp fibers at a PMMA : PCL ratio of 1 : 1 to retain the interconnected porous structure, and then the wires were removed. The ZrO 2 /BCP scaffold was wrapped with electrospun mats consisting of PMMA-PCL at a ratio of 3 : 7 to stabilize the structure.
After the removal of the steel wires, channels were created resembling the Haversian canal of the bone, and the bundled fibers mimicked the osteon architecture. The ZrO 2 /BCP scaffold and PMMA-PCL-HAp bundles were firmly attached and the porous structure was interconnected through the adjoining fibrous mat. This feature allowed connecting the sponge bone-like central ZrO 2 /BCP scaffold to the osteon-like structure, which is very important for bone regeneration. The apposite compressive strength and porosity of the scaffold were also significant. Wrapping the ZrO 2 /BCP scaffold with fibers increased the mechanical strength and resulted in a porosity of about 70%, which is similar to that of the natural bone [19] (figure 6). Furthermore, the cytocompatibility of the artificial bone resulted in excellent cell viability (figure 7). Thus, a combination of the sponge replica and electrospinning methods was successful in fabricating a biomaterial that mimicked the structure of the natural bone. However, more research is needed to evaluate the biological properties of this material both in vitro and in vivo.
Conclusions
We reported a successful fabrication of an artificial bone using a combination of the sponge replica and electrospinning methods. The ZrO 2 /BCP scaffold was produced by the sponge replica method to mimic the cancellous bone. Structures similar to the Haversian canals and osteon structures were fabricated by wrapping bundled steel wires with electrospun fibers and removing the wires. Dense covering by electrospun fibers mimicked the structure of the cortical bone. This approach can be applied to the development of small artificial bones such as the finger or toe bone.
